Protein Z-dependent protease inhibitor (ZPI) is a plasma serpin which can rapidly inactivate factor Xa (fXa) in the presence of protein Z (PZ), negatively charged phospholipids and Ca 2+ . To investigate the mechanism by which ZPI inactivates fXa, we expressed the serpin in mammalian cells and characterized its reactivity with both wild-type and selected mutants of fXa which 1) contained substitutions in the autolysis loop and the heparin-binding exosite, 2) lacked the first EGF-like domain (fXa-des-EGF-1), or 3) contained the Gla domain of protein C (fXa/PC-Gla). Inhibition studies in both the presence and absence of PZ revealed that Arg-143, Lys-147 and Arg-154 of the autolysis loop and Lys-96, Lys-169 and Lys-236 of the heparin-binding exosite are required for recognition of ZPI, with Arg-143 being essential for the interaction. Similar studies with fXa-des-EGF-1 and fXa/PC-Gla suggested that protein-protein interaction with either the Gla or the EGF-1 domain may not play a dominant role in the PZ-dependent recognition of fXa by the serpin on phospholipid vesicles. Further studies showed that an inactive Ser-195 to Ala mutant of fXa effectively competes with wild-type fXa for binding to the non-serpin inhibitors, tissue factor pathway inhibitor and recombinant tick anticoagulant peptide, but does not compete for binding to ZPI. This suggests that the catalytic residue of fXa is required for interaction with ZPI.
1 is a vitamin-K dependent serine protease that is responsible for generation of thrombin from prothrombin in the coagulation cascade (1) (2) (3) (4) . It circulates in plasma as a light and heavy chain molecule held together by a disulfide bond (5) . The N-terminal light chain contains the non-catalytic γ-carboxyglutamic acid (Gla) and two epidermal growth factor-like (EGF) domains, while the Cterminal heavy chain contains the trypsin-like catalytic domain of the molecule (2, 5) . The proteolytic activity of fXa in plasma is regulated by three physiological inhibitors, tissue factor pathway inhibitor (TFPI) (6) , antithrombin (AT) (7, 8) , and protein Z (PZ)-dependent protease inhibitor (ZPI) (9) (10) (11) (12) . TFPI is a multi-domain Kunitz-type inhibitor that regulates the coagulation cascade by the fXa-dependent inhibition of the factor VIIa-tissue factor complex during the initial stages of the clotting cascade (6) . It functions by binding to the active-site pocket of fXa by the second Kunitz domain, and thereafter binding tightly to the active-site of the factor VIIa-tissue factor complex via the first Kunitz domain, thereby rendering both proteases inactive in a quaternary complex (6) . AT, on the other hand, is a serine protease inhibitor (serpin) that regulates the proteolytic activity of fXa and other coagulation proteases by covalently binding to the active-site through an exposed reactive center loop, and undergoing a conformational change which leads to entrapment of the target protease in inactive and SDS-stable complex with the serpin (13) (14) (15) . ZPI is also a serpin, and there is some evidence that it interacts with the active-site pocket of fXa by a similar covalent mechanism (11) . However, ZPI does not form an SDS-stable complex with fXa, suggesting that, unlike the AT-fXa complex, the ZPI-fXa complex has a higher dissociation constant (11) . This has been previously documented by the reversibility of the ZPI-fXa reaction and the observation that the activity of fXa is partially recovered following the incubation of the ZPI-fXa complex with EDTA at 37 o C (11) . Both AT and ZPI require cofactors for their effective interaction with fXa. Thus, the AT interaction with the heparin-like glycosaminoglycans on the surface of the endothelium (16) , and the ZPI complex formation with PZ on membrane phospholipids in the presence of Ca 2+ (9) is required for the ability of both serpins to effectively interact with fXa. In the case of AT, the mechanism of the cofactor function of heparin in promoting the serpin inhibition of fXa has been extensively studied (14, 17) . It has been demonstrated that the binding of a unique pentasaccharide fragment of heparin to a basic helical structure of AT induces a conformational change in the serpin that leads to a better recognition and a high affinity interaction of the serpin with fXa (18) . Moreover, previous studies have indicated that the basic residues of the autolysis loop (143-154 in chymotrypsin numbering (19) ) play a key role in recognition of the heparin-activated conformation of AT by fXa (20) . In addition to promotion of the AT-fXa reaction by this allosteric mechanism, full-length heparins are also known to bind to a basic exosite on fXa in the presence of Ca 2+ , thereby bridging both the serpin and the protease in one complex and further contributing to the promotion of the reaction by a template mechanism (21, 22) . Unlike AT, it is not known how ZPI interacts with fXa and unlike the cofactor function of heparin, it is not known how PZ promotes the inhibition of fXa by ZPI on membrane surfaces in the presence of Ca 2+ . PZ is a vitamin Kdependent plasma protein with a domain organization identical to that of fXa, and thus capable of interacting with negatively charged phospholipid membranes via its Gla domain, however, it merely functions as a cofactor in the reaction and lacks any catalytic function (23) . It is not known whether the interaction of fXa with PZ on the membrane surface is required for the protease recognition of ZPI.
To investigate these questions, we expressed ZPI in mammalian cells and following purification, characterized its properties in inhibition reactions with wild-type and selected mutants of fXa containing substitutions in several exposed surface loops (exosites) on the catalytic domain, known to be critical for the macromolecular substrate and inhibitor specificity of fXa and other coagulation enzymes. Moreover, the role of the non-catalytic domain of fXa for the ZPI-PZ interaction was examined using two mutants of fXa from one of which the first EGF-like domain was deleted (fXa-des-EGF-1). In the other mutant, the Gla domain of fXa was substituted with the corresponding domain of protein C (fXa/PCGla). Recombinant ZPI, similar to plasma ZPI, rapidly inactivated fXa in the presence of PZ with a second-order inhibition rate constant of 6.2 x 10 5 M -1 s -1 . A similar high reactivity for ZPI was observed with fXa mutants of the 39, 60 and 70-80 loops. However, the reactivity of ZPI with the autolysis loop mutant of fXa was markedly impaired and Arg-143 was identified to be essential for interaction with the serpin both in the absence and presence of PZ. Similarly, three Ala substitution mutants of heparin-binding exosite of fXa (K96A, K169A and K236A) exhibited diminished reactivity with ZPI both in the absence and presence of PZ. A near normal cofactor effect for PZ with both fXa-des-EGF-1 and fXa/PC-Gla suggested that neither the Gla nor the EGF-1 domain plays a dominant role in the PZ-dependent recognition of fXa by the serpin on phospholipid vesicles. Finally, an inactive Ser-195 to Ala mutant of fXa effectively competed with wild-type fXa for binding to TFPI and recombinant tick anticoagulant peptide (rTAP), but failed to compete for binding to ZPI. These results suggest that, similar to other serine proteaseserpin reactions, the catalytic Ser-195 is required for a high affinity interaction of fXa with ZPI.
Expression of Recombinant Proteins-ZPI cDNA (obtained from Open Biosystems, Huntsville, AL) was sub-cloned into the StuI and XbaI restriction enzyme sites of the RSV-PL4 expression/purification vector system and expressed in human embryonic kidney cells (HEK-293) as described (24) . This vector contains the sequence of the transferrin signal peptide for secretion, the sequence of a 12-residue epitope for a Ca 2+ -dependent monoclonal antibody, HPC4, for purification and a neomycin gene for the G418 resistant selection in mammalian cells (24) . Following transfer of the vector into HEK-293 cells, several G418 resistant clones were selected and examined for ZPI expression by Western-blot analysis using the HPC4 monoclonal antibody. A clone positive for ZPI expression was identified, expanded, and 20 liters of cell culture supernatant were collected, concentrated and purified by immunoaffinity chromatography using the HPC4 antibody linked to Affi-gel 10 (Bio-Rad) as described (24) . The HPC4 eluate was further chromatographed on a size exclusion column using Superdex 200 (Amersham Biosciences Corp). The ZPI concentration was calculated from the absorbance at 280 nm using a molar absorption coefficient of 31525 M -1 cm -1 , calculated based on the equation ε(280) = (#Trp x 5500) + (#Tyr x 1490) + (#cystine x 125) as described (25) . The fX mutant in which the exon coding for the Gla domain (Ala-1 to Asn-38) of fX was exchanged with the corresponding domain of protein C was prepared by PCR methods and expressed in the same expression system as described for wild-type fX (20) . The expression and purification of the fX mutant lacking the N-terminal EGF-like domain (fX-des-EGF-1) (26), 39 loop mutants (E36Q, E37Q and E39Q) (27) , 60 loop mutants (K62E and R63E) (27) , 70-80 loop mutants (R71A, E74A, E76A, and E77A) (28), the autolysis loop mutants (R143A, K147A, R150A, and R154A) (20) , and the heparin-binding exosite mutants (R93A, K96A, R165A, K169A, K236A, and R240A) (29,30) have been described. The inactive Ser195 → Ala (S195A) substitution mutant of fX was expressed in the same expression/purification vector system (20) . The accuracy of all constructs was confirmed by DNA sequencing prior to their expression in mammalian cells. All fX mutants containing the fully γ-carboxylated proteins were purified to homogeneity (28) , activated by the fX activating enzyme from Russell's viper venom (RVV-X), purified on heparin-Sepharose column and active-site titrated with known concentrations of AT as described (20 nitroanilinedihydrochloride) was purchased from American Diagnostica (Greenwich, CT), and S2765 (N-α-Benzyloxycarbonyl-D-Arg-Gly-Arg-pnitroaniline-dihydrochloride) was purchased from Kabi Pharmacia/Chromogenix (Franklin, OH).
Inhibition Assays-The time course and concentration dependence of fXa inhibition by ZPI was studied both in the absence and presence of PZ on PC/PS vesicles under pseudofirst-order conditions as described (21, 22) . In the absence of PZ, fXa derivatives (1 nM) were incubated with ZPI (100-250 nM) on PC/PS vesicles (25 µM) in 0.1 M NaCl, 0.02 M TrisHCl (pH 7.5), 0.1% polyethylene glycol 8000 (PEG 8000), 0.1 mg/mL bovine serum albumin (BSA) and 5 mM Ca 2+ (TBS/Ca 2+ ) for 30-120 min in 50 µL volumes in 96-well polystyrene plates at room temperature. The presence of BSA in the reaction did not influence the reactivity of the serpin with the protease. In the presence of PZ, the reaction conditions were the same except that all proteases (0.5 nM) were incubated with ZPI (10-80 nM) in complex with a saturating concentration of PZ (50-150 nM) for 15 sec to 50 min on PC/PS vesicles (25 µM) 4 in the same TBS buffer. The inactivation reactions were stopped by addition of 50 µL S2765 (0.25 mM final) in TBS containing 50 mM EDTA and the remaining enzyme activity was measured with a V max Kinetics Microplate Reader (Molecular Devices, Menlo Park, CA) at 405 nm. The cofactor concentration dependence of PZ-mediated fXa inhibition by ZPI indicated that PZ concentrations are saturating under these conditions. The observed pseudo-first-order (k obs ) rate constants were calculated from a firstorder rate equation and the second-order rate constants (k 2 ) were calculated from the slope of linear plot of k obs values versus ZPI concentrations as described (21, 22) .
Competitive Inhibition Studies-The competitive effect of the inactive S195A mutant of fXa on the wild-type fXa inhibition by the ZPI-PZ complex, and the non-serpin inhibitors TFPI and rTAP was studied using the same amidolytic activity assay described above. In this case, the inhibition of fXa (1 nM) on PC/PS vesicles (25 µM) by each inhibitor (5 nM TFPI and rTAP, and 10 nM ZPI) was monitored in the presence of increasing concentrations of fXa S195A (0-200 nM) in TBS/Ca 2+ . Following 10 min incubation at room temperature, 50 µL SpFXa (0.5 mM in EDTA) was added to each well and the remaining activity of fXa was measured as described above.
Results

Expression and
Purification of Recombinant Proteins-Human recombinant ZPI (rZPI) was expressed in HEK-293 cells using the RSV-PL4 expression/purification vector system as described (24) . rZPI expressed by this system contains a 12-residue epitope for the Ca 2+ -dependent monoclonal antibody HPC4 at its Nterminal domain for easy purification. Following passage of the rZPI supernatants through the immobilized HPC4 antibody, the substitution of Ca 2+ with EDTA in the wash buffer was sufficient to elute the serpin from the antibody column (24) . The HPC4 eluate was further purified by size exclusion chromatography and its concentration was determined as described under "Experimental Procedures". We have previously utilized this expression/purification vector system for expression of other serpins including AT (32) and protein C inhibitor (33) . Both serpins expressed in this system, have exhibited identical activities as their wild-type counterparts both in the absence and presence of related cofactors, suggesting that the N-terminal HPC4 epitope does not interfere with the inhibitory properties of either serpin (32, 33) . This is also true for the ZPI inhibition of fXa since as shown in Table 1 , rZPI inhibited fXa with k 2 values which were comparable to those of pZPI in both the absence and presence of PZ. SDS-PAGE analysis under non-reducing conditions suggested that rZPI migrates as a single band with an expected molecular mass of ∼72 kDa (Fig. 1, lane 1) , as reported previously for this protein (9, 11) . The results further suggested that fXa does not cleave ZPI either in the absence or presence of PZ, however, it does not also form an SDS-stable complex with the serpin under both conditions (Fig. 1, lanes 4 and  5) . This is consistent with previous results in the literature (11) . All of the fXa derivatives were also expressed in a similar HPC4-based expression/purification vector system and the fully γ-carboxylated proteins were isolated as described (20, 28) . In the case of the fX expression system, however, the construct has been prepared such that the HPC4 epitope replaces the first 12-residues of the zymogen activation peptide on the heavy chain of the molecule, and since the activation peptide of fX is cleaved off during activation by RVV-X, the N-terminal HPC4 epitope is removed along with the activation peptide from all fXa derivatives. Thus, with the exception of specific mutations, all fXa derivatives have identical amino acid sequences as the plasma-derived fXa. The characterization of all fXa mutants with the exception of fXa/PC-Gla has been described previously (20, (27) (28) (29) (30) As expected, the fXa/PCGla mutant also exhibited normal amidolytic activity and reactivity with AT (data not shown).
FXa Inhibition by ZPI-The extent of the reactivity of fXa with ZPI was evaluated both in the absence and presence of PZ on PC/PS vesicles and in TBS/Ca 2+ under pseudo firstorder conditions as described under "Experimental Procedures". Both time course and concentration dependence of the inhibition reactions indicated that the inhibitory activity of ZPI toward fXa is not complete, but rather reaches to a maximum of 80% inhibition and thereafter no further decline in the amidolytic activity of fXa is observed. Previously, a similar 20% remaining activity for fXa in the presence of high concentrations of ZPI has been observed in a similar amidolytic activity assay (9) . The reason for the incomplete inhibitory activity of ZPI toward fXa in the amidolytic activity assays is not known. One possibility is that since ZPI exhibits reversibility in reaction with fXa (11), the addition of the chromogenic substrate in EDTA and subsequent dilution of the reaction leads to the dissociation of active fXa from the inhibitory complex (11) . Alternative possibilities including differential reactivity for α and β forms of fXa with the ZPI-PZ complex have been postulated in the past (9) . However, the exact cause of an incomplete inhibition of fXa by the ZPI-PZ complex, as measured by an amidolytic activity assay remains an open question. To minimize the effect of an incomplete inhibition of fXa by ZPI, all rate constants were derived from inhibition reactions in which ~40-60% of the enzyme activity was inhibited. The second-order inhibition rate constants were calculated from the slopes of linear plots of k obs values as a function of increasing concentrations of ZPI in complex with a saturating concentration of PZ (Fig. 2) . The values presented in Table 1 (Table 1) . Similar reactivities of pZPI and rZPI with fXa both in the absence and presence of PZ suggest that the N-terminus of the serpin does not interact with either the cofactor or the protease in the inhibitory complex.
Role of the Gla and EGF-1 domains in the PZ-dependent Interaction of FXa with ZPI-
Similar to fXa, PZ contains a Gla domain that can interact with the negatively charged membrane surfaces. To investigate the possibility that the interaction of the two proteins via their Gla and/or EGF-1 domains on or near the membrane surface contributes to the high affinity of the fXa-PZ-ZPI interaction, k 2 values for the ZPI inhibition of fXa-des-EGF-1 and fXa/PC-Gla derivatives were determined. As shown in Fig. 2 and Table 1 , the reactivity of the fXa mutant lacking the EGF-1 domain with the ZPI-PZ complex was comparable to that of wildtype fXa, suggesting that the N-terminal EFG domain does not interact with either PZ or ZPI in the inhibitory complex. The reactivity of ZPI with fXa mutant containing the Gla domain of protein C was impaired ~2-3-fold in the absence and ~5-fold in the presence of PZ (Fig. 2, Table  1 ), thus leading to ~2-fold impairment in the cofactor function of PZ in the reaction. These results suggest that the specific interaction of the Gla domain of fXa with PZ/ZPI on PC/PS vesicles makes some contribution to protease inhibition by the serpin.
Role of the Autolysis loop in the FXa-ZPI Interaction-The catalytic groove of fXa and other coagulation proteases is surrounded by several surface loops including 39 loop, autolysis loop (residues 143-154), and 60 loop, all of which contain variant residues with important roles in determining the substrate and inhibitor specificity of these proteases (34, 35) . To determine whether any one of the variant residues of these loops constitute a recognition site for ZPI, the ability of the serpin to inhibit selected loop mutants of fXa was evaluated as a function of increasing concentrations of ZPI in the presence of a saturating concentration of PZ. Among the three loops mentioned above, only the basic residues of the autolysis loop were important for the recognition of the serpin (Fig.  3) . Thus, the reactivity of the three mutants R143A, K147A, and R154A with ZPI was impaired to varying degrees, with the first mutant showing a dramatic effect in the reaction (Fig. 3A) . No reactivity for R143A with ZPI could be detected in the presence of PZ under experimental conditions described under legend of Fig. 3 . However, if incubated for a longer time (50 min) in the presence of a higher concentration of ZPI (200 nM), the R143A mutant was inhibited by the serpin with k 2 = 1.2 x 10 2 M -1 s -1 in the presence of PZ (500 nM). No reactivity for R143A with ZPI (250 nM) in the absence of PZ was observed even if the incubation time was increased to 120 min. These results suggest that Arg-143 is an important cofactor independent recognition site for ZPI on the protease. The reactivities of both R150A and R154A with ZPI were impaired ~2-3-fold in the absence of the cofactor (Table 1) . Interestingly, while the reactivity of R154A with ZPI was impaired ~20-fold in the presence of PZ, it was slightly improved with the R150A mutant, thus leading to a much higher cofactor effect of 1328-fold for the PZ acceleration of the ZPI inhibition of this mutant (Table 1) . Unlike the autolysis loop mutants, E36Q, E37Q and E39Q mutants of 39 loop, and the K62E and R63E mutants of 60 loop did not exhibit significant changes in their reactivities with ZPI either in the absence or presence of PZ (data not shown). It is worth noting that we have previously demonstrated that all autolysis loop mutants of fXa have normal amidolytic and proteolytic activities (20) .
Role of the Ca 2+ -binding 70-80 loop and Basic Heparin-binding Exosite in the FXa-ZPI
Interaction-The reactivity of 70-80 loop mutants of fXa (R71A, E74A, E76A, and E77A) with ZPI either in the absence or presence of PZ was not significantly affected, suggesting that this loop does not provide a recognition site for interaction with the serpin (data not shown). On the other hand, the reactivity of three basic heparin-binding exosite mutants of fXa with ZPI was slightly or moderately impaired. Thus, while the R93A and R165A mutants exhibited near normal reactivity with ZPI, the reactivity of K96A, K169, and K236A with ZPI was impaired ~2-3-fold in the absence and ~6-10-fold in the presence of PZ (Fig. 3B, Table 1 ). The reactivity of R240A with ZPI was impaired 3-fold in the absence of PZ, but it was slightly improved in the presence of the cofactor. Similar to inhibition of R150A, the cofactor effect of PZ in accelerating the ZPI inhibition of R240A was considerably improved, suggesting that Arg-240 makes an inhibitory interaction with the serpin in the absence of the cofactor. Nevertheless, the cofactor function of PZ overcomes the inhibitory interaction of Arg-240 with ZPI (Table 1) .
It should be noted that the heparinbinding exosite mutants of fXa, most likely, folded properly since they have normal amidolytic activities and reactivities with AT both in the absence and presence of the pentasaccharide fragment of the high affinity heparin (30) .
Role of the Catalytic Ser-195 in the PZdependent Interaction of FXa with ZPI-
The reactivity of nearly all serpins with their target serine proteases is irreversible, because the attack of the P1 recognition site of the serpin by Ser-195 results in the covalent acylation of the active-site residue of the protease. This accounts for the kinetic stability of the protease-serpin complexes (13) . In contrast to serpins, the Kunitz-type inhibitors bind tightly to the activesite pocket of their target proteases by a reversible mechanism which is independent of the catalytic residue Ser-195 (13) . In light of the previous observation that the ZPI-fXa complex is reversible (11), we decided to investigate the role of Ser-195 of fXa in this reaction. As shown in Fig. 4 , increasing concentrations of the S195A mutant of fXa effectively competed with wild-type fXa for binding to both TFPI and rTAP, suggesting no major role for Ser-195 in interaction with the non-serpin inhibitors. On the other hand, a 200-fold molar excess of the inactive fXa mutant failed to compete with fXa for interaction with ZPI, suggesting that fXa reacts with ZPI by a reaction mechanism that is similar to that of other serpins.
Discussion
We have expressed ZPI in mammalian cells and characterized its reactivity with several derivatives of fXa and demonstrated that, in addition to interaction with the active-site pocket, extended interaction of the serpin with two basic sites of fXa is essential for its high affinity interaction with the protease. This is derived from the observation that the reactivity of the autolysis loop mutants and heparinbinding exosite mutants of fXa with ZPI was altered. Among the autolysis loop mutants, R143A exhibited the highest degree of impairment in reaction with ZPI, suggesting that Arg-143 is a crucial recognition site on the protease for interaction with the serpin. It appears that Arg-143 directly interacts with ZPI since no reactivity for the mutant was observed in the absence of PZ, but the cofactor enhanced the reaction, yielding a k 2 of 1.2 x 10 2 M -1 s -1 for the ZPI inhibition of the mutant (Table 1) . Our previous results have indicated that the R143A mutant of fXa has a normal reactivity with the other two target inhibitors AT and TFPI, nevertheless, the same mutant also exhibits more than two orders of magnitude elevated dissociation constant in interaction with rTAP (36). In addition to Arg-143, the other three basic residues of fXa are also critical for high affinity interaction of the protease with ZPI. This is derived from the observation that the ZPI reactivities of all three mutants were impaired ~3-10-fold (Table 1) . Nevertheless, the extent of the rate accelerating effect of PZ was improved for both K147A and R150A mutants, suggesting that the interaction of either residue with ZPI is independent of the cofactor. However, there was an ∼10-fold impairment in k 2 of R154A inhibition by ZPI in the presence of PZ and the extent of the cofactor function of PZ (66-fold) was also impaired ∼5-fold, possibly suggesting that Arg-154 makes a cofactor dependent interaction with the serpin. Similar to ZPI, the basic residues of the autolysis loop are also involved in fXa interaction with AT in the absence and presence of the heparin cofactors, with Arg-150 being required for the fXa recognition of the heparin-activated conformation of the serpin (20, 37) . It is interesting to note that the other two proteases that also are known to be possible targets for regulation by ZPI are factors IXa and XIa in both of which the basic residues of the autolysis loop have been conserved. Thus, the autolysis loop of both proteases may be involved in interaction with ZPI.
In addition to the autolysis loop, several heparin-binding exosite mutants of fXa (K96A, K169A, and K236A) also exhibited impaired reactivity with ZPI, as evidenced by an ∼5-10-fold lower k 2 values for these mutants with the serpin in the presence of PZ. Nevertheless, the reactivity of all three mutants with ZPI was also impaired in the absence of the cofactor, though to a lower extent of ∼2-3-fold ( Table 1 ). The reactivity of R240A with ZPI was also impaired ∼3-fold in the absence of PZ, but the mutant reacted with the serpin with an improved rate in the presence of PZ, leading to a considerably higher cofactor effect of 1458-fold for PZ in the reaction. The presence of overlapping binding sites for heparin and ZPI on fXa may provide a possible explanation for the previous observation that the reactivity of the serpin with fXa is not significantly influenced by the polysaccharide (9,11) . Previous results have indicated that certain basic residues of the heparin-binding exosite of fXa may also interact with factor Va in the prothrombinase complex (30) . It is interesting to note that Arg-165, which is the most important residue for fXa interaction with factor Va in the prothrombinase complex (29, 38) , makes no contact with ZPI since its substitution with Ala had no effect on the reactivity of the mutant with the serpin either in the absence or presence of PZ. The lack of requirement for ZPI interaction with Arg-165 provides a possible explanation for the ability of the serpin to inhibit fXa in the prothrombinase complex, as has been reported in the past (11) .
Similar to fXa, PZ is a vitamin Kdependent plasma protein that interacts with negatively charged membrane surfaces in the presence of Ca 2+ (23) . Although it has been established that PZ interacts with ZPI with a high affinity (11), it is not known whether PZ makes any interaction with fXa on the membrane surface. To determine whether ZPI/PZ complex interacts with either the Gla or the membrane proximal N-terminal EGF domain of fXa, the reactivity of fXa/PC-Gla and fXades-EGF-1 with ZPI was examined both in the absence and presence PZ. The former mutant reacted with the serpin with ∼2-fold lower k 2 value in the absence and ∼5-fold slower k 2 value in the presence of PZ. The extent of the cofactor effect of PZ in promoting the ZPI inhibition of the Gla mutant was decreased ∼2-fold, suggesting that protein-protein interactions via the Gla domains may play a small role in the protease recognition by the ZPI-PZ complex. On the other hand, ZPI inhibited fXa-des-EGF-1 with similar k 2 values both in the absence and presence of PZ, ruling out any functionally critical interaction for the first EGF domain of fXa with either ZPI or PZ in the inhibitory complex. Based on these mutagenesis data, we developed a schematic model for the fXa-ZPI-PZ interaction on PC/PS vesicles which is presented in Fig. 5 . It appears that PZ via its Gla domain places ZPI on the negatively charged membrane surface, where fXa is bound via its own Gla domain. The interaction of the serpin with the autolysis loop of fXa then leads to docking of the reactive site loop of the serpin into the active-site pocket of the protease. The ZPI-PZ complex makes additional stabilizing interactions with the basic residues of the heparin-binding exosite, in particular with Lys-236 of fXa located at the C-terminal helix of the protein (35) . Thus, apart from the active-site, the basic residues of the autolysis loop (in particular Arg-143) provide most of the binding energy of the protease interaction with the ZPI-PZ complex. It should be noted that the specific interaction of the Gla domain of PZ with the Gla domain of fXa may also make some contribution to the recognition mechanism, since the cofactor function of PZ with the fXa/PC-Gla mutant was impaired∼2-fold. The binding of the Gla domain of fXa (and other coagulation proteases) to PC/PS vesicles positions the active-site pocket of the protease some 60-70 Å above the membrane surface (39). Thus, the EGF-1 domain of fXa may function as a spacer to maintain the active-site pocket of the protease far above the membrane surface. This has been evidenced by the observation that the catalytic efficiency of fXa-des-EGF-1 toward prothrombin in the prothrombinase complex has been markedly impaired (26) . The normal reactivity of the EGF-1 deletion mutant of fXa with the ZPI-PZ complex was surprising, and suggests that the cofactor-inhibitor complex has sufficient flexibility to interact with the mutant protease on PC/PS vesicles. Nevertheless, mapping the ZPI interactive sites on PZ will be required before one can speculate about the exact topographical orientation of the fXa-ZPI-PZ complex at the membrane surface.
Previous results have indicated that the high affinity interaction of serine proteases with serpins requires an intact active-site pocket where Ser-195 establishes a covalent bond with the P1 residue of the serpin to form an irreversible, SDS-stable enzyme-inhibitor complex (13) . However, this is not true with the non-serpin family of inhibitors (such as TFPI), which do not require Ser-195 for their high affinity interaction with the proteases, thus forming reversible and SDS-dissociable enzyme-inhibitor complexes (13) . Since unlike the AT-fXa complex, the ZPI-fXa complex is known to be reversible, dissociating upon SDSgel electrophoresis (11), we investigated the role of Ser-195 of fXa in its interaction with ZPI and compared it with that of the non-serpin inhibitors TFPI and rTAP. The inactive S195A mutant of fXa effectively bound to both TFPI and rTAP, as evidenced by the ability of the mutant to displace both inhibitors from the active-site pocket of fXa, thus restoring all amidolytic activity of the protease. On the other hand, a 200-fold molar excess of S195A fXa failed to compete with fXa for binding to ZPI, which suggests that the catalytic residue of fXa is required for its high affinity interaction with the serpin. Thus, the mechanism of the ZPI-fXa reaction is similar to that of other serpins. The results with the active-site mutant of fXa further support the hypothesis that the physical interaction of PZ with fXa may not be essential for the high affinity interaction of ZPI with the protease, because if the PZ interaction with both ZPI and fXa was required for the reaction, it was expected that the resulting non-productive complexes of the inactive S195A and PZ would have diminished or eliminated the inhibitory function of the serpin. Table 1 . Data are derived from averages of at least 3 independent measurements. The competitive effect of inactive S195A fXa on the inhibition of wild-type fXa by ZPI, TFPI and rTAP. One nM fXa was incubated with each inhibitor: 10 nM ZPI in the presence of PZ (50 nM) ( ), 5 nM TFPI ( ), and 5 nM rTAP ( ) on PC/PS vesicles (25 µM) in TBS containing 0.1 mg/mL BSA, 0.1% PEG 8000 and 5 mM Ca 2+ at room temperature for 10 min followed by monitoring the amidolytic activity of fXa as described under "Experimental Procedures". Figure 5 . Schematic representation of fXa interaction with the ZPI-PZ complex on the negatively charged membranes. Protein Z interaction with a negatively charged membrane surface via the N-terminal Gladomain condensates ZPI in the vicinity of fXa bound to the same surface. The ZPI recognition of the autolysis loop of fXa (in particular Arg-143) then leads to docking of the reactive site loop of the serpin into the active-site pocket of protease (marked by . In this model, the complex is further stabilized by additional ionic interactions between basic residues of the heparin-binding exosite (particularly Lys-236) of the protease and a complementary site of the serpin. In addition to Lys-236, several other basic residues of this exosite (only Lys-169 shown in the model) also contribute to the interaction (see text for more details). E1, first EGF domain; E2, second EGF domain.
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